is a novel intervention that can modulate brain excitability in health and disease; however, little is known about its effects on bilaterally innervated systems such as pharyngeal motor cortex. Here, we assess the effects of differing doses of tDCS on the physiology of healthy human pharyngeal motor cortex as a prelude to designing a therapeutic intervention in dysphagic patients. Healthy subjects (n ϭ 17) underwent seven regimens of tDCS (anodal 10 min 1 mA, cathodal 10 min 1 mA, anodal 10 min 1.5 mA, cathodal 10 min 1.5 mA, anodal 20 min 1 mA, cathodal 20 min 1 mA, Sham) on separate days, in a double blind randomized order. Bihemispheric motor evoked potential (MEP) responses to single-pulse transcranial magnetic stimulation (TMS) as well as intracortical facilitation (ICF) and inhibition (ICI) were recorded using a swallowed pharyngeal catheter before and up to 60 min following the tDCS. Compared with sham, both 10 min 1.5 mA and 20 min 1 mA anodal stimulation induced increases in cortical excitability in the stimulated hemisphere (ϩ44 Ϯ 17% and ϩ59 Ϯ 16%, respectively; P Ͻ 0.005) whereas only 10 min 1.5 mA cathodal stimulation induced inhibition (Ϫ26 Ϯ 4%, P ϭ 0.02). There were neither contralateral hemisphere changes nor any evidence for ICI or ICF in driving the ipsilateral effects. In conclusion, anodal tDCS can alter pharyngeal motor cortex excitability in an intensitydependent manner, with little evidence for transcallosal spread. Anodal stimulation may therefore provide a useful means of stimulating pharyngeal cortex and promoting recovery in dysphagic patients. swallowing; pharynx; plasticity TRANSLATIONAL HIGHLIGHTS Dysphagia or swallowing problems are common after neurological damage such as stroke, being both distressing and difficult to treat. This study tested whether transcranial direct current stimulation (tDCS), a simple, noninvasive method of modulating excitability within the cortex, would affect pharyngeal motor cortex in healthy individuals. tDCS is able to both excite and inhibit pharyngeal motor cortex depending on the placement of the electrodes and specific stimulation parameters, suggesting potential therapeutic benefit in dysphagia after brain damage.
Transcranial direct current stimulation (tDCS) is a novel, noninvasive brain stimulation technique that delivers a small electric current continuously across the cerebral cortex. It appears to be both safe and well tolerated (10, 34) and is able to directly alter excitability within the brain for periods outlasting the duration of stimulation (20, 33) . When used to modulate excitability within the hand motor cortex, tDCS has been shown to have physiological and functional effects on both the stimulated (4, 18, 23, 29) and unstimulated (contralateral) hemispheres (24, 41) and is also able to improve motor function following stroke (3, 9, 16, 25) .
Of importance, the direction of change of excitability (excitation vs. inhibition) within the cortex is determined by the direction of current flow between the electrodes. Excitation typically occurs when the anode is placed over the motor cortex and the cathode over the supraorbital ridge ("anodal" tDCS), whereas inhibition is more pronounced when the current flow is reversed ("cathodal" tDCS) ( Fig. 1) (30) . The size and duration of these modulatory effects also appear to depend on a combination of current strength and duration (2, 29, 30, 32) . An additional advantage of tDCS is that it provides a useful tool for placebo-controlled studies, since subjects are unable to easily distinguish between real and sham stimulation, the latter applied as 30 s of tDCS, which is enough to produce the initial sensation but no lasting change in cortical excitability (10) .
Most studies with tDCS have focused on peripheral somatic motor systems, including the upper limb and paresis after stroke. By contrast, swallowing is a complex process incorporating many different muscles and cranial nerves, with oral, pharyngeal, and esophageal stages. Moreover, dysphagia is a common and distressing problem following neurological injury, and patients with swallowing problems following a stroke have a significantly higher morbidity and mortality compared with their nondysphagic peers (38) . However, there is little evidence for the efficacy of current treatments and therefore any new therapy that has the potential to make a significant difference to the quality of life for these patients would be welcomed. Of relevance, the numerous pharyngeal muscles involved in swallowing are under bilateral, albeit asymmetric, cortical control (14) . It has therefore been postulated that a lesion, for example stroke, to the hemisphere exerting the greatest control over swallowing produces dysphagia, whereas a lesion to the nondominant hemisphere appears to have no functional effect on swallowing (12) . In addition, those patients whose swallowing improves poststroke show plasticity within the unaffected hemisphere concomitant with functional recovery (13) . We have previously demonstrated that it is possible to modulate both excitability within the pharyngeal motor cortex and swallowing behavior, using other forms of stimulation including pharyngeal stimulation, repetitive transcranial mag-netic stimulation (rTMS), and paired associative stimulation (8, 11, 26, 37) , and more recently rTMS to pharyngeal motor cortex has been shown to improve dysphagia following stroke (21, 40) . However, unlike with limb muscles, the effects of tDCS on areas of cortex controlling midline structures such as the pharynx have not yet been investigated.
Our aim was therefore to examine the effects of differing doses of tDCS to determine the optimal stimulation parameters for excitation and inhibition, as a prelude to studying the therapeutic effects of tDCS in dysphagic stroke patients.
METHODS

Subjects.
Seventeen healthy volunteers were recruited (10 female, 7 male, mean age 37.6 yr, range 22-60 yr). Sixteen were right handed. Inclusion criteria were: age over 18 yr, being in good health, and able to give written, informed consent. Exclusion criteria included a history of epilepsy, cardiac pacemaker, previous brain surgery, previous swallowing problems, pregnancy, metal in the head or eyes, or use of medication that acts on the central nervous system. An information sheet was given to the subjects prior to obtaining consent. Ethical approval was obtained from Salford and Trafford Local Research Ethics Committee and the study was in compliance with the Declaration of Helsinki.
Pharyngeal and thenar motor evoked potential measurements. Pharyngeal motor evoked potentials (MEPs) were recorded through a swallowed 3.2-mm-diameter intraluminal catheter (Gaeltec, Dunvegan, Isle of Skye, UK) passed either transnasally or transorally depending on the subject's preference. The catheter houses a pair of bipolar platinum ring electrodes that were positioned in the pharynx to record the MEPs by intraluminal contact. The catheter was connected via a preamplifier and interface to a personal computer that recorded the traces using Signal Application Program 2.13 (Cambridge Electronic Design, Cambridge, UK). Analysis of the amplitude of the MEPs was also conducted using Signal Application Program. For thenar MEP recordings, surface electrodes were placed over the abductor digiti minimi (ADM) muscle of the hand contralateral to the hemisphere evoking the greatest pharyngeal MEPs.
TMS. To assess cortical physiology, single-pulse transcranial magnetic stimulation (TMS) was employed and delivered through a Magstim 200 stimulator (Magstim, Whitland, Wales) connected to a 7-cm-diameter figure of eight coil. The cranial vertex was marked on the scalp, and the magnetic stimulator was initially discharged over both cortices to identify the site evoking the greatest pharyngeal response in each hemisphere. These sites were then also marked on the scalp. The pharyngeal motor threshold for each hemisphere was identified by using single pulses of stimulation to achieve evoked potentials of at least 20 v on 50% of occasions. The scalp site evoking the greatest ADM response was then determined and marked as above. The TMS intensity capable of evoking MEP responses in ADM of ϳ1 mV on 50% of occasions was then determined by using single pulses of TMS. Single pulse TMS at 10% of stimulator output above motor threshold was used at each time point to record 10 MEPs for each site (stimulated hemisphere, unstimulated hemisphere, and ADM). Threshold ϩ 10% was chosen because it produces pharyngeal traces of consistent amplitude and, since pharyngeal thresholds are generally high, stimulating much higher than this can become uncomfortable, which may interfere with changes in cortical excitability.
In addition to corticocortical excitability, intracortical inhibition (ICI) and intracortical facilitation (ICF) were also measured by using paired pulses of TMS over the stimulated pharyngeal motor cortex to assess cortical properties to stimulation. Briefly, shorter intervals (3-5 ms) between stimuli produce ICI, which is thought to involve GABAergic mechanisms, whereas longer intervals (10 -20 ms) tend to produce ICF, thought to involve glutamatergic mechanisms. ICI and ICF thus give a measure of whether any cortical change is being driven by increases or decreases in intracortical properties of inhibition or excitation. This employed a conditioning pulse given at 80% of pharyngeal motor threshold and a test pulse at 120% of pharyngeal motor threshold. The pairs were delivered at interstimulus intervals of 3, 5, 10, 15, and 20 ms with three pulses at each interstimulus interval, and the sizes of the resulting MEPs were recorded, averaged, and compared with the MEPs evoked by test pulses alone.
tDCS. tDCS produces a weak electric current that, when applied to the scalp of humans, penetrates the brain to modify neuronal transmembrane potentials, thereby influencing the level of excitability and modulating firing ( Fig. 1 ). This was delivered through the application of a custom-made device (Department of Medical Physics, Salford Royal NHS Foundation Trust) through two 25-cm 2 rectangular surface electrodes (current density 0.04 mA/cm 2 at 1 mA and 0.06 mA/cm 2 at 1.5 mA), one placed over the "pharyngeal" area of the motor cortex producing the largest MEPs and the other overlying the contralateral supraorbital ridge. A water-soaked sponge was placed beneath the electrodes to optimize contact with the scalp, and the electrodes were held in place by adjustable rubber straps placed around the head. For the active interventions, the current was slowly ramped up to either 1 or 1.5 mA over 10 s, eliciting a transient tingling sensation, and remained on for either 10 or 20 min (depending on the protocol), before being slowly turned off over 10 s. For the sham intervention, the current was left on for 30 s, then switched off [this regimen evokes the same initial tingling sensation as active stimulation, without generating any significant cortical stimulation (10)], with the electrodes being left in place for a further 10 min.
Experimental protocol 1: low-intensity tDCS. Since initial studies with tDCS in the hand motor system utilized a low-intensity paradigm (1 mA for 10 min) to modify motor cortex, our initial investigation duplicated these parameters in the pharyngeal motor system. Thus, for this protocol, subjects (n ϭ 11) were seated in a comfortable reclining chair, the pharyngeal catheter was sited, and motor hot spots and thresholds for pharynx and hand were determined per the TMS methods outlined above. The hemisphere evoking the largest pharyngeal MEPs was then defined as the stimulated hemisphere. Baseline responses were recorded in response to single-pulse TMS over each hemisphere for pharynx and over the stimulated hemisphere for ADM.
Over three different sessions, the volunteer received the tDCS intervention in each of anodal (anode electrode placed over motor cortex), cathodal (cathode electrode placed over motor cortex), or sham (anode over motor cortex) positions. The studies took place on separate days with at least 4 days between each, and the order of the studies was randomly assigned for each participant. The interventions were given by an independent researcher and double blinded. In both the anodal and cathodal positions the stimulation was given for 10 min at 1 mA; sham stimulation was given as described in the methods above. Changes in TMS-evoked pharyngeal and thenar MEP amplitudes following tDCS were assessed immediately and then at 15, 30, 60, and 90 min.
Experimental protocol 2: higher intensity tDCS. Because lowintensity tDCS was likely to be subthreshold for modulation of pharyngeal motor cortex, we also investigated a range of higher intensities and durations of tDCS. Thus subjects (n ϭ 13) were studied as described in experimental protocol 1, but with increases to either the duration or intensity of tDCS as follows: anodal stimulation for 10 min at 1.5 mA; anodal stimulation for 20 min at 1 mA; cathodal stimulation for 10 min at 1.5 mA; cathodal stimulation for 20 min at 1 mA; and sham stimulation (see above).
The interventions were again given in a randomized order and double blinded. Changes in MEP amplitudes induced by the stimulation were assessed immediately following the intervention and then at 15, 30, and 60 min. In addition, ICI and ICF measurements were recorded from the stimulated hemisphere at baseline, immediately following tDCS and at 15, 30, and 60 min poststimulation to assess mechanisms of brain excitability in the pharyngeal system. Data analysis. The amplitude was defined as the maximum peak-topeak voltage of the MEP. The amplitudes of individual MEPs in each group of 10 traces were determined and then averaged, to give a measure of cortical excitability. To minimize the interindividual variability in the amplitude of pharyngeal MEP responses, these data were normalized to baseline and are expressed in the results as a percentage change from baseline. For ICI and ICF three MEPs were recorded and averaged at each interstimulus interval (3, 5, 10, 15, and 20 ms) and compared with the averaged single test pulses. For each interstimulus interval the amplitude was then expressed as a proportion of the test pulse. Values for ICI were calculated by averaging the combined results for 3-and 5-ms interstimulus intervals, whereas ICF values were an average of the combined results from 10, 15, and 20 ms. Data are shown as means Ϯ SE unless stated otherwise.
Statistical methods. The statistical calculations were performed using SPSS (SPSS, Chicago, IL). Changes in excitability over time between the different groups and sham were compared by using a General Linear Models repeated-measures ANOVA. Where comparisons were made between single data points, a paired t-test was used. Statistical significance was taken as P Ͻ 0.05.
RESULTS
All subjects tolerated the TMS and tDCS procedures well.
Average pharyngeal motor threshold to TMS was 62% (Ϯ 2%) of stimulator output over the dominant hemisphere (range 44 -79%), 47% (Ϯ 3%) for the adjacent ADM (range 32-78%), and 69% (Ϯ 4%) for the nondominant hemisphere (range 45-91%). The average distance from the vertex to the site of maximal pharyngeal response (at the anterior bifurcation of the coil) for the right hemisphere was 3.9 cm lateral and 2.3 cm anterior, for the left hemisphere 4.1 cm lateral and 2.0 cm anterior, and for ADM responses 4.3 cm lateral and 2.4 cm anterior. The average impedance during tDCS was 10 k⍀ (Ϯ 1 k⍀, range 7-14 k⍀). Experiment 1: low-intensity tDCS. Compared with sham, anodal tDCS at 1 mA for 10 min had no effects on either the stimulated or the unstimulated pharyngeal motor cortex [F(1,10) ϭ 0.8, P ϭ 0.39 and F(1,10) Ͻ 0.01, P ϭ 0.99, respectively] ( Fig. 2 and Table 1 ). Although cathodal tDCS appeared to change both the stimulated and unstimulated hemispheres (Fig. 2) neither effect was significant [F(1,10) ϭ 2.6, P ϭ 0.14 and F(1,10) ϭ 2.3, P ϭ 0.12, respectively] and the appearances were largely due to variability. Furthermore, compared with sham, neither anodal nor cathodal tDCS for 10 min at 1 mA evoked any significant changes in cortical excitability for the control (ADM) muscle [F(1,10) ϭ 1.2, P ϭ 0.30 and F(1,10) ϭ 1.2, P ϭ 0.31, respectively; Table 2 ]. Experiment 2: higher intensity tDCS. As with experiment 1, sham tDCS elicited no change in the amplitude of MEPs from either the pharyngeal or ADM sites ( Figs. 3 and 4 , and Table 2 ).
Increasing either the duration of anodal tDCS to 20 min or the intensity to 1.5 mA produced an increase in corticobulbar excitability to the pharynx in the stimulated hemisphere compared with sham [F(1,12) ϭ 18, P ϭ 0.001 and F(1,12) ϭ 16, P ϭ 0.002, respectively] ( Fig. 4) . By contrast, pharyngeal excitability of the unstimulated hemisphere and excitability in ADM was unchanged [F(4,48) ϭ 1.4, P ϭ 0.25 and F(4,48) ϭ 0.6, P ϭ 0.65, respectively (Tables 1 and 2)]. Following both anodal tDCS paradigms, excitability remained significantly elevated at 60 min poststimulation compared with both baseline and sham stimulation (P ϭ 0.02 and P ϭ 0.03, respectively; Fig. 4 ).
In comparison, only cathodal tDCS given at 1.5 mA for 10 min produced any significant decrease in pharyngeal excitability compared with sham [F (1, 12) baseline seen at 15 and 30 min following tDCS (P ϭ 0.006 and P Ͻ 0.001) and significant difference to sham stimulation at 30 min (P Ͻ 0.001, Fig. 4 ). There was no change in MEP amplitude for ADM ( Table 2) .
Changes in ICI and ICF. There were no consistent changes for either ICI [anodal 1.5 mA 10 min F (1, 12) 
DISCUSSION
These studies demonstrate that, in contrast to hand motor cortex, tDCS at 1 mA for 10 min is unable to excite or inhibit the pharyngeal motor cortex. However, increasing either the duration or intensity of tDCS above this level did induce changes in pharyngeal excitability and thus these observations merit discussion.
Although we recognized from previous studies using other neurostimulation techniques that higher intensities or durations of stimulation are often required to generate the same magnitude of response in pharyngeal motor cortex as seen in the hand motor cortex (11, 19, 26) , we originally hypothesized that 10 min of tDCS, given at 1 mA, would modulate corticobulbar excitability as it does in the hand motor cortex (33) , especially since we were stimulating with a slightly higher current density [0.04 mA/cm 2 compared with the previously reported and effective level of 0.03 mA/cm 2 (33) ]. However, only when the duration of anodal stimulation reached 20 min or when a higher intensity was applied were we able to increase corticobulbar excitability. We were also aware, from previous work in our department, that it is particularly difficult to suppress excitability within the pharyngeal motor cortex (26) , perhaps because of its strong interhemispheric connections and bilateral innervation pattern. It is therefore unsurprising that the lower levels of cathodal stimulation were ineffective, and although we could suppress excitability when the cathodal stimulation was increased to 1.5 mA, the changes were less pronounced and of shorter duration than with anodal stimulation. Other groups have looked at nonhand regions of motor cortex. For example, the excitatory and inhibitory effects of tDCS on leg motor cortex have been described, and although excitation could be provoked with anodal stimulation, even at 2 mA for 10 min they were unable to produce inhibition with cathodal stimulation (20) . This supports the idea that motor cortical areas other than the hand area may respond differently to tDCS or require greater stimulation. Consequently, we might propose that further increasing both the intensity and duration of stimulation would lead to greater changes of excitability within the pharyngeal motor cortex; however, this then leads to potential safety issues (27) .
Although functional imaging studies suggest that tDCS over the motor cortex can have widespread effects (22, 24) as well as modulating excitability within the primary motor cortex itself (18) , we found no change in excitability of the contralateral pharyngeal motor cortex. This is in contrast to rTMS and paired associative stimulation of pharyngeal motor cortex, which do appear to have transcallosal effects (11, 37) , although the degree of excitability is always greater in the stimulated hemisphere. Indeed, other groups looking at the hand motor areas have also failed to demonstrate bilateral effects of tDCS to primary motor cortex (23) , implying that transcallosal pathways may not be as susceptible to the neural excitation properties of tDCS compared with TMS. Moreover, the mechanisms by which TMS and tDCS excite the brain have been explored and it has been suggested that the short-term effects of tDCS are driven by polarity-specific shifts of the resting membrane potential; in contrast, TMS excites the myelinated axonal membrane, thus generating transsynaptic effects (1, 32, 35) . It is therefore conceivable that transcallosal excitation is more dependent on the latter mechanism, making cross-hemisphere effects less responsive to tDCS.
Despite a trend toward both increasing ICF following anodal stimulation and decreasing ICF and increasing ICI following cathodal tDCS, these changes were not statistically robust. Only a few studies have measured ICI and ICF following tDCS; Nitsche et al. (32) showed variation in both ICI and ICF following tDCS (although only with certain interstimulus intervals), whereas Siebner et al. were unable to demonstrate any alteration in ICI and ICF (36) . To minimize potential confounding effects of multiple TMS pulses we used the same conditioning and test pulse intensities before and after stimulation with tDCS. We also limited measurement of ICI and ICF to three pairs of stimuli at each interstimulus interval and then averaged the inhibitory (3, 5 ms) and excitatory (10, 15, 20 ms) results. Given the inherent variability of MEPs there is a risk that this may have diluted the effects and we may have missed small changes at specific interstimulus intervals; however, the same methodology has been used previously in pharyngeal cortex and did demonstrate changes in ICI and ICF following rTMS (19) . Magnetic resonance spectroscopy studies examining the effects of tDCS on hand motor cortex have shown that anodal stimulation causes a decrease in GABA, whereas cathodal stimulation decreases the levels of both glutamate and GABA (39) . In addition, when a GABA A agonist is administered, anodal tDCS produces a delayed but enhanced increase in excitability, leading Nitsche et al. (28) to propose that this late excitability may therefore originate from remote cortical or subcortical areas. As such, there are likely to be complex interactions in considering the mechanisms by which tDCS alters excitability in motor cortex; given the important and extensive connections within pharyngeal motor cortex to multiple brain regions, this is likely to also be the case for this region of cortex. Perhaps future studies utilizing magnetic resonance spectroscopy may help further elucidate the mechanisms by which tDCS is acting on the pharyngeal motor cortex (37) . tDCS has also been used in combination with other neurostimulation techniques to modulate motor cortical excitability of the hand; the precise degree and direction of the effects appear to depend on the type of costimulation (repetitive transcranial magnetic stimulation vs. paired associative stimulation), timing of stimulation (simultaneous vs. preconditioning), and brain function (healthy vs. stroke) (5, 31, 36) . In paretic stroke patients, both anodal tDCS to the affected hemisphere and cathodal tDCS to the unaffected hemisphere are able to improve hand function (3, 16, 17) . Moreover, combining tDCS with peripheral stimulation or motor training further enhances the functional improvement (5, 6, 15) . Now that we have demonstrated the significant effects of tDCS alone on pharyngeal motor cortex, we are drawn to hypothesize that, in combination with rTMS, paired associative stimulation or pharyngeal electrical stimulation, these effects could be greatly enhanced. Pharyngeal motor cortex plays an integral role in the control of normal swallowing function, and other neurostimulation techniques have shown that stimulation of pharyngeal cortex is able to improve dysphagia following stroke (7, 21, 40) . Thus tDCS may also prove to be a valuable therapeutic tool for the treatment of poststroke dysphagia. However, the physiological differences, and recovery patterns of bilaterally innervated musculature should be taken into account. Hence our work supports the view that anodal stimulation of the unaffected hemisphere may be of greater benefit in treating dysphagia after unilateral hemispheric stroke than trying to inhibit maladaptive changes in the undamaged hemisphere with cathodal stimulation or through the direct application of anodal stimulation to the affected hemisphere.
In conclusion, we have been able to modulate plasticity within the areas of primary motor cortex controlling the pharynx in a manner dependent on the polarity, intensity, and duration of TDCS. These effects are similar in magnitude to those elicited by pharyngeal electrical stimulation, paired associative stimulation, and rTMS (8, 11, 19, 37) . Moreover, the stimulation technique appears to be both safe and well tolerated (34) , in addition to needing only small and easily transportable equipment, making it ideal for bedside use in patients. Therefore anodal tDCS, possibly in conjunction with other forms of neurostimulation, may provide a useful means of stimulating pharyngeal cortex and promoting recovery in dysphagic patients in the wider clinical setting.
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